The construction of giant metal clusters based on tightly connected, magnetically interesting, polynuclear complexes is one of the most important challenges for coordination chemists.I nterest in such compounds stems not only from their impressive structural features,s uch as large size,h igh symmetry,b eautiful shapes,a nd architectures,b ut also from the possibility that the magnetic properties of their structural subunits can be retained or even enhanced in the large polynuclear assembly.A lthough several giant metal-organic compounds have been reported, the structures of both the homometallic (for example,M n 84 , [1] Mn 44 , [2] Mn 32 , [3] [4] [5] Fe 64 , [6] Fe 42, [7] Co 36, [8] Cu 44 , [9] Pd 84 , [10] and Ln 104 (Ln = Nd, Gd) [11] )a nd heterometallic (for example,M n 36 Ni 4 , [12] Cu 17 Mn 28 , [13] [Ni 12 -(Cr 7 Ni) 6 ], [14] Ni 60 La 76 , [15] Ni 54 Gd 54 , [16] Cu 36 Ln 24 (Ln = Gd, Dy) [17] )c omplexes contain mainly oligonuclear, usually trinuclear (such as oxo or hydroxo-centered triangles) and tetranuclear (such as cubanes) subunits.T here are also afew examples of nanosized clusters based on subunits that have not been isolated in ad iscrete form and only ac ouple of complexes displaying building units or fragments that have been reported in the literature.S uch examples are the Fe 64 cluster based on an Fe 8 subunit [6] and the Mn 84 wheel which contains aM n 11 fragment reported in the past, although its true repeating unit is aM n 14 cluster never seen in discrete form.
The construction of giant metal clusters based on tightly connected, magnetically interesting, polynuclear complexes is one of the most important challenges for coordination chemists.I nterest in such compounds stems not only from their impressive structural features,s uch as large size,h igh symmetry,b eautiful shapes,a nd architectures,b ut also from the possibility that the magnetic properties of their structural subunits can be retained or even enhanced in the large polynuclear assembly.A lthough several giant metal-organic compounds have been reported, the structures of both the homometallic (for example,M n 84 , [1] Mn 44 , [2] Mn 32 , [3] [4] [5] Fe 64 , [6] Fe 42, [7] Co 36, [8] Cu 44 , [9] Pd 84 , [10] and Ln 104 (Ln = Nd, Gd) [11] )a nd heterometallic (for example,M n 36 Ni 4 , [12] Cu 17 Mn 28 , [13] [Ni 12 -(Cr 7 Ni) 6 ], [14] Ni 60 La 76 , [15] Ni 54 Gd 54 , [16] Cu 36 Ln 24 (Ln = Gd, Dy) [17] )c omplexes contain mainly oligonuclear, usually trinuclear (such as oxo or hydroxo-centered triangles) and tetranuclear (such as cubanes) subunits.T here are also afew examples of nanosized clusters based on subunits that have not been isolated in ad iscrete form and only ac ouple of complexes displaying building units or fragments that have been reported in the literature.S uch examples are the Fe 64 cluster based on an Fe 8 subunit [6] and the Mn 84 wheel which contains aM n 11 fragment reported in the past, although its true repeating unit is aM n 14 cluster never seen in discrete form. [1] Although the synthesis of most giant metal-organic clusters is avery complicated process based to some extent on serendipity,adiscussion has been initiated in the literature concerning the possibility to predict the structure and nuclearity of metal-organic clusters that could be targeted and prepared by future generations of chemists. [10, 18] It would be tempting to assume,f or example,t hat stable structural units easily assembled in the reaction solution under various conditions could be linked in the presence of the proper bridging ligands giving rise to al ibrary of theoretically predicted high nuclearity clusters.However,sofar there is no experimental proof to support this expectation.
One ideal structural type to act as abuilding block in high nuclearity clusters is the [Mn 18+ supertetrahedral core which combines ab eautiful, high symmetry (T d ) metal topology and interesting magnetic properties. [19] In addition, it has been stabilized in discrete form with several ligands [19] [20] [21] and under various reaction conditions,a nd has appeared as the repeating unit in zero-dimensional Mn 17 [22, 23] and Mn 19 [24] clusters and in the giant Mn 36 Ni 4 "loop-of-loops and supertetrahedra" aggregate, [12] all containing two Mn Thea symmetric unit of 1 [25] consists of two independent quarters of the Mn 49 cation (Figure 1a supertetrahedral core, [19] [20] [21] [22] [23] [24] 4 ] 17+ supertetrahedral units having ac ommon Mn 2+ ion occupying their apical position and each of them sharing two edges with two other neighboring supertetrahedra. Theo verall shape of the core can be described as asquare pyramid sharing each of its triangular faces with as upertetrahedron. TheM n 2+ ions occupy the common vertices of the square pyramid and the supertetrahedra and the Na + ions the remaining vertices of the four supertetrahedra. Sixteen Mn 3+ ions are located on the outer edges of the four supertetrahedra and four on their inner edges (in the common faces of the square pyramid and the four supertetrahedra). Thec ore of 2 is related to that of 1 and in particular it is almost equal to afragment of the core of 1.Infact, the core of 1 can be described as consisting of two M 29 units of 2 sharing ac entral m 9 plane ( Figure 3) . As ar esult, structural features,s uch as the bridging modes of the ligands,t he coordination environment, and number of metal ions,in2 are similar to those described for 1.Thus,each Figure 3and Figure S4 in the Supporting Information). [22, 23] [1, 6] Direct-current (dc) magnetic susceptibility (c M )measurements were performed on powdered crystalline samples of 1·10DMF and 2·DMF in the 5-300 Kt emperature range in a0.1 Tmagnetic field. Thedata are plotted as c M T versus T in Figure 4a . c M T values for 1·10DMF and 2·DMF increase steadily from 189.6 and 101.4 cm 3 mol À1 K, respectively,a t 300 K, to maxima of 536.8 (at 20 K; for 1)a nd 367.2 cm 3 mol À1 K( at 10 K; for 2)b efore decreasing to 431.5 and 337.9 cm 3 mol À1 Ka t5 .0 K. The c M T maxima suggest ground-state spin values S = 63/2 AE 1a nd 53/2 AE 1f or 1·10DMF and 2·DMF,r espectively,a nd the overall data indicate the existence of dominant ferromagnetic exchange interactions in both complexes (see the Supporting Information for am ore detailed discussion). Thea brupt decrease of c M T values at very low temperatures for both complexes is assigned to zero-field splitting (ZFS), Zeeman effects from the applied field, and/or weak intermolecular interactions.
To further probe the ground-state spin of the two complexes,m agnetization (M)v ersus dc field measurements at applied magnetic fields (H)a nd temperatures in the 1-70.0 kG and 1.8-10.0 Kr anges,r espectively,w ere performed (see the Supporting Information for am ore detailed discussion). Thed ata are shown in Figures S9 and S10 for 1·10DMF and 2·DMF,respectively,asreduced magnetization Prompted by the large magnetization values detected in both complexes,w ep erformed magnetocaloric studies to investigate their cooling capability.Acomplete discussion about these investigations is provided in the Supporting Information. In comparison to the magnetocaloric effect (MCE) reported for other molecular compounds, [28] the data revealed moderate entropy changes for both complexes,that is, ÀDS m = 6.4 Jkg À1 K À1 at T = 10 Ka nd m 0 DH = 7T (where m 0 is the vacuum permeability) for 1·10DMF and ÀDS m = 7.7 Jkg À1 K À1 at T = 8K and m 0 DH = 7T for 2·DMF (Figure S8) . Interestingly,t he entropy changes remain almost constant from 30 Kto5K(m 0 DH = 7T), indicating that both compounds display cooling capability for asignificantly wide range of temperatures.I ti sa lso notable that the zero-field entropies for both complexes ( Figure S6) are consistent with the afore-discussed ground-state spin values.O nt he basis of the magnetization data, assuming that only S = 61/2 is populated below 2K for 1·10DMF (S = 51/2 for 2·DMF) would imply avalue for the zero-field magnetic entropy at 2K close to Rln(2S + 1) = 4.1R (4.0R for 2·DMF), where R is the gas constant, as indeed measured ( Figure S6 ).
Alternating-current (ac) magnetic susceptibility measurements were performed in the 1.8-10 Kt emperature range in zero applied dc field and a3 .5 Ga cf ield oscillating at 50-1000 Hz. Thep lots of the in-phase component of the ac susceptibility c' M Tversus Tand the out-of-phase susceptibility c'' M versus T for 1·10DMF and 2·DMF are shown in Figures S11 and S12 . Extrapolation of the c' M T data from above 6.0 Kt o0K, at which point only the ground state will be populated (avoiding the lower temperature data that will be affected by intermolecular dipolar interactions), gives values of approximately 460 and 360 cm 3 mol À1 K. These values are consistent with S = 61/2 AE 1a nd 51/2 AE 1g round states for 1·10DMF and 2·DMF,r espectively,w ith g % 2.00, confirming the conclusions from the dc studies.T he out-ofphase plot of 1·10DMF displays weak c'' M signals below 2.6 K, suggestive of the presence of slow relaxation of the magnetization. No out-of-phase signals were observed for 2·DMF.
Encouraged by the observation of out-of-phase signals in 1·10DMF,w ec arried out, using am icro-SQUID apparatus, single-crystal hysteresis studies to confirm that it indeed displays SMM behavior. Theo btained magnetization versus dc field data at different temperatures and afixed field sweep rate of 0.002 Ts À1 are shown in Figure 4b ,a nd at different scan rates and ac onstant T = 0.5 Ki nF igure S13. Hysteresis loops appeared below 1K whose coercivities increase with decreasing temperature and increasing field scan rates,a s expected for SMMs.T hus, 1·10DMF is an ew SMM, with ab locking temperature of 1K,a bove which no hysteresis is observed. Theh ysteresis loops do not contain any steps characteristic of quantum tunneling of the magnetization (QTM);h owever this is typical for higher nuclearity SMMs where the steps are smeared out due to various effects,such as the existence of low-lying excited states and intermolecular interactions. [1, 2] Magnetization versus time decay data were collected on as ingle crystal of 1·10DMF to assess the magnetization relaxation dynamics,a nd the results are shown in Figure S14 . These data were used to calculate the relaxation rates (1/t,w here t is the lifetime) at different temperatures and to construct the Arrhenius plot (shown as t versus 1/T in Figure S15 ) based on the Arrhenius equation:
where t 0 is the pre-exponential factor, U eff is the effective relaxation barrier,and k is the Boltzmann constant. Thefit to the thermally activated region above about 0.1 Kgave t 0 = 7 10 À14 sa nd U eff = 19 K. Thes mall value of t 0 ,s maller than is typical for purely SMM behavior,i sa ttributed to the lowlying excited states and the weak intermolecular interactions and is acommon situation for large clusters. [2, 22, 23, 29] At about 0.1 Ka nd below,t he relaxation becomes temperature-independent as expected for relaxation by ground-state QTM, , n = 18, 1·10DMF;M= Na + , n = 17, 2·DMF) supertetrahedral repeating units are reported. This extended conjunction of decametallic supertetrahedra afforded structural cores displaying high symmetry (O h )a nd aesthetically pleasing 3D solid shapes including an Archimedean shape, called ac uboctahedron. Compounds 1 and 2 also display dominant ferromagnetic exchange interactions and spin ground-state values S = 61/2 and 51/2, respectively,t hat are among the largest reported for high nuclearity metal clusters. [7, [22] [23] [24] 29] Complex 1 was also found to behave as aS MM and thus it is the second largest Mn cluster and homometallic SMM reported. [1] It should be pointed out that although compounds containing the [Mn 18+ supertetrahedral core are often found to display entirely ferromagnetic exchange interactions and the maximum possible spin ground states, [19] [20] [21] [22] 24] this is not the case for 1 and 2,i nw hich the corresponding maximum values would be,b yf ar, record values of S = 209/2 and 105/2, respectively.O bviously in the case of these two compounds,a part from the exchange interactions within the decametallic supertetrahedral core which are expected to be ferromagnetic,t here are also additional couplings between the neighboring M 10 repeating units,s ome of which are antiferromagnetic.F or this reason, although predominant ferromagnetic behavior was realized for both complexes,t he spin ground states observed are significantly lower than the maximum possible values.H owever,t hese magnetic systems have the potential to display larger S values if some of the antiferromagnetic interactions are switched to ferromagnetic ones by synthesizing analogues of 1 and 2 with slightly different structural parameters,such as bond lengths and angles and peripheral ligation, as was accomplished in the past for other magnetic systems. [29] These compounds are also the first molecular species containing more than two repeating decametallic supertetrahedra and their cores are related to each other and also to that of the Mn 17 "dimeric" analogues consisting of two edge-sharing decametallic supertetrahedra. Thus, 1 and 2 can be considered as the "octamer" and "tetramer", respectively,o fthew ellknown decametallic supertetrahedra, and their isolation reveals that other molecular oligomers based on al arge number of repeating high nuclearity clusters are possible. Synthetic investigations targeting larger analogues of this series of molecular oligomers,such as the dodecamer and the hexadecamer,a re in progress.I ndisputably,t his study opens up new directions in metal cluster chemistry towards the construction of giant metal clusters with fascinating crystal structures and magnetic properties.
